N 744 GOVT. DOC.

TECHNICAL NOTES

Yo, 744

B e

Y DSVELOFMEINT CF ZLICTRICAL STRAIN CGAGES

T

By A. V. de Forest and H. Lenderman
 Massachusetts Institute of Technology

[

Washington
January 1940

BUSINESS, SCIENCE

2 TECHNOLOGY wir'i,

= T T —— - S e —

G600 0N 00 M ) 1 M

Ldld

|

i



—— Y

Iy
W




«

L

HATIONAL ADVISORY COMMITTELZ TOR AZROTAUTICS

TECHYICAL NOTE FO. 744

THE DZVELOPMENT OF EZLECTRICAL STRAIE GAGTS

¥

By 4. V. de Forest and F¥. Leadcrman
SUMMADRY

The design, construction, and propertics of an clec-
trical-resistance strain goge consisting of fine wircs
molded in o laminated plasti described. Tho proper-
ties of such goges arc ﬂnsﬁuos d and nlso the problenms

of molding of wircs in plastic matcrials, tompernture
compensation, and comenting and removal of the ghEes,.

O
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Further work to be carricd out on the strain STEC,
together with instrumcntntion problems, is discussed.

INTRODUCTION M0 THE STRLIEN-GAGE PROBLTM

™o trends are espocially observable in modern en-
agincering progress., One is a tr end toward lorger struc-
tural unlts and higher speeds and the othor is a trend
toward the production of the lightest structure consistont
with safetry. These trends arc especinlly noticea®le in
alrecraft eagincering. The design of large long-range
militery and civil aireraft requircs a rigld control of
weight both of the structurce and of tho powecr plant., In
previouvs years, it was sufficient to make sure that siruc-
tural clements as a wholo, such as wing beams, fuselnges,
and so on, were capadle of “arrvxng tiic conputed cecrody-
namic and inertia loads. The DTO%Clt rate of progress
requires that the strosscs be checked in the individunl
structural memders and fittings in order to eliminnte
unnecessary exira strength as well as to Adeteet source
of wcakness.

S

In acroncutical work, it is desiravlec thzt these
stresses be measured both on the ground with static loads
and in flight, On the ground, the loading scimuletes the
computed acrodynamic and incrtin loalds; the computed
stresses can then 'be confirmed by placin: strain gagc
at the desired points of the structure. In flisht, the
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loanding assumptions can v checked., PFor this purposc an
eloctrical strain gage of the resistance type is desir-
able, in which the strain is measured by the change in
resistance of a straincd conducting clement. The strain-
rocording device is cssentially a bridge with galvanomcter
remote from the gage. The gage itself should bec compact,
comparatively cheap to produce, and capable of being co-
mented by both hot and cold cements to stecl or duralumin.
It is desirable, though not essential, that the gage be
renovable for calibration previous or subsequcnt to the
test. Heceassary reguircments of such o strain gage for
static work are that the resistance of the gage be inde-
pendent of tempercture, ~nd that there be no creep ¢or .
hysteresis in: the strain-resistance relationship of the
gage.

The carbon-pile principle has heen adaptcd, in the
woell-known "Dss" strip of Professor de Forest (reference
1), to o form suitable for the measurcment of dynamic
strains up to very high freyucncies (reference 2). Un=
fortunately, this principle 1is unsuited for staotic work,
bacruse its resistance is very sgnsitive to temperature;
a change in temperature of 10 ¢. in the gojge when cement-—
ed to stcel produces the some change in resistance as
would o stroas of approximately 1,000 pounds per square
inch 1in the stecel. FPurthernore, thcre is o marked hys~—
teresis in the strain-resistance relation (reference 3);
in addition, the resistance is somewhat susceptible to
changes in relative humidity in the atmosphere.

For accurate measurement of static strains, the Ess
strip 1s therefore unsuwitable. . It was considered that
the development of the Ess strip to a staze where it could
be used for static work would te & long and difficult, if
not an impossidble, taslk. Accordingly, 1t was decided to
make a fTresh start, using the strain-sensitive properties
of fine metallic wires.

For some months previous to the commencecment  of the
present investigation, Professor A. C. Rupge of the Massa-
chusetts Institute of Technology, had been investigating
the scnsitivity of fine me-allic wires to strain and tecm-
peraturc. He used celluloid—-acetone lacguer to attach
the wires to the metallic surface, with a layer of paper
(for insulating purposes) interposed. Professor Ruge con-
tributed much preliminary data on strain-resistance rela~
tionships in fine wires, and various alloy wires were fur-
nished throuch the kindness of Mr., G. B. Chatillon of John
Chatillon & Sons.

w
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The procecss of cementing reosistance wire to paper or
cr insulating material is not practicabdle where the
gace must be removed for calibration, and the zood quali-

s of the previous Ess strip were combined with the wire
gosc to overcome this difficulty. The probleom thot IO~
sented itself was throefold,

(o) Mourting: to devalop suitnadle method of casting

O
or molding thc wire in a plastic matorial.

(b) Tomporature compensation: to dovelop methods by
which the effect of tempoerature on the rosist-
ance of the gaqse could be compeasated.

3

c) Attachment: to develop ond test hot-and cold-co-
P
menting mothods, and methods of renoving ce-
mented goages without danage.,

Two simplc methods of mounting the fine wirocs have
been develoned, Iin onc, the wirc is moldel betwoen laycrs
of bakelized paper. Tho £8368 ¢an, of coursc, be of any
rcasonable dincnsion, and it kas boea found convenient to
naoake them about 3 inches long by 3/8 inch wide by 0.010
inch thick, In the other form, tho wire is molded into a
ronsparonyt tQLTHOpl&"th resing, Lucite (nethyl netha-
CrV1 rte polymer). Thes g2ges are about 4 inchos loas by

/8 ineh wide by 0.025 incb thick., Other feorms that were
developed heve been discarded beeause of tho difficulty,
time, or uncertninty involved in their coastruction.

o

.

It world be thought that a wire such res constontnn -T
nanganin, the resistance of which isg procivically independ-
ent of tomperature, when molded in o plastic nmount ~ud ce-
nented to o stcel or duralwunin bar, would ~ct as o tenper—
aturc-compeousated strain SO0 . Tiis result is not forth-
coming since thore usually exists a differcnce in the
thermal coefficionts cof of the metil speecincn
and of the wire in tho the bar is hentod, this
differcace imposecs a lo:

strain on the wire in
the gage, changing its evenr thoush $ae har to

which the goge is atto Lressod. It fcllows that
& resistance strain ,cq Ty viurc—-conpensaoted when at-

P

tached to stecl will not be conpeas ]
duroalunin, owing to the disfercnt conof

sion.,

a
0 2

d when atteoched
ficicants cof expan-

. Conpensation hos beon offzcied by enploring in the
gage two types of wire. The wires lie porollel to the
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length of the gage and are connected in series or parallel.
One wire nas a positive tenperature coefficicnt of resist-
ancae and the other wvire, a negative coefficicnt. The wirces
arc o proportioned that temperature cffeccts on the re-
sistances of the two wires counterbalance. The naterizals
used at present arc "copel! for the negative constituent
and Hichrome for the positive constituent, he gages for
use on stecl and those for usc 0n durnlunin arc sinilar

in design but differ in the proportions of wirc used. The
prcescent gages have a rocistance of abdbout 25 ohnms, vet it

is possiblc to make, without difficulty, compensated gages
having a resistancc of 550 ohns and more. It is nossible
to adjust, by mecans cf an external rosistance, the gagos
that arec not perfoctly temperaturc-conpensated. It is
hoped shortly, however, to be able to produce gages in
quantity, which are sufficiently closely temperature-con-
pensated not to require those ndditional external resist-
ANCESe

The balkclite goges can ecasily be ceniented into posi-
tion, using de Khotinsky cenent. This. method required
heoting of the metal to which thc goge is to be attacined,

to 135%9 Cs¢ The gage can be removasd, by rchenting or oYy
softening the cement in slcohol, for calibration or for
use elscewhers. A conpensated gnge, when ottoched to o
stcel bar strained in o testing nnchine, Shows no obscrva-
ble cerecp or hysteresis in the strain-resistance plot up
to the maxinum stroin employed (0.0007 inch per inch).
Plastic wood, as a cold cement, 1¢ hoped to behave &s well,
Bakcolite goges cenented with plastic wood can be renoved
vory quickly with acctione.

Tucite goges arg nore aifficult to cement since they
soften and warp on heatinig. They mnoy Dbe cenented with
plastic woolly this ¢ ! olveos in coustic~sodan sclu-
tion, which docs not affect the go

THE HOUNTING OF FIWE JIRES I PLASTIC MATERIALS

nounting wires
A nold at an

In general, there &re threc ncthods of
82
g nold under

in plastic materials: by casting in a cl
elevated tenperature, D molding in = cl
pressurc and tenperature, ~nd by pressin without a nold)
resin-inpregnated paper or cloth., All thesc mcthods hove
been tricd, using different resins, with varring successe
When working with synthetic rosians, 19 necessoary to

r
e
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bear in uwind the essential chemical and physical proc-
esses; these are summarized below.

Thermoplastic Resins

Thermoplastic resins arce usually initially in the
form of fairly volatile mobile liquids, which are chemi~
cally falrly complex unsaturated orgenic compounds, pos=
sessing a single doudble bond in the molecule, In this
form the molccules exist singly. Under the action of
heat, light, oxidizing, and other catalytic agents the
molecules combine to form long interlocking chains,with a
consequent increase in viscosity of the ligquid resin.

The incrcase in viscosity is ot first relatively slow, but
later accelecrates through a rubber-like phasc to result
finally in a hard, transparent mass. This wpolymerization
process 1s irreversible; it is impossible to convert the
solid back to the original mobile liquid. The glassy.
solid softens, hewever, at an elevatud temperature. A
high preszure can tnen be used to mold grains of the poly=-
merized thermoplastic into any desired shape. There are
thus two mcthods of forming a thermoplasitic resin: poly~-
merization of the liquid monomer by gentle heating (in a
closed vesscl to prevent evaporation) and the nolding un-
der pressure and a higher temperature, grains of the com-
mercial polymerized resin.,

Thermosetting Resins

Of thec thermosetting resins, phenol formaldchyde is
typical and is by far the most widely uscd. Heating to-
gether of phenol and formaldehyde solution results in the
combination of phenol and formaldehyde molecules to form
a thrce-dimensional network. At first, the resin molecules
arc small, and the recsin is consequently 1iquid at room
tempcrature, Liquid casting resins, such a2s "Marblette,"
are of this type. TFurther heoating causes an increasc in
polymerization, so that the resin is no longer liguid at
room temperature. This resin ("A stage" rosin) is the
basis of commercial molding powders and lacquers. Further
heating results in a resin ("C stage" rosin) which is
sclid and hard at all temperntures up to the temperature
at which it chars. Molding powders are made by adding a
filler (usunlly wood flour), nccclerator, and &yc to the
4 stage resin. Lacquers are made by dissolving the A
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stage resin ia alcohol,. There are thus three methods of
fo;11n5 thernosetting resinss

o

(a) By casting the liquid resin around the wire un-
der moderate temperature

(v) Br molding around the wire "A stage" resin or
comercial molding powder under tenperature
and pressure.

(¢) By inpregnating parer or cloth in a lacquer of
"A stagelresin and drying, and then mo.ding
fine wires under tenperature and pressure

. between shecets of this paper or cloth.

M

Casting of Wires in Thernoplastic Resin

Since the casting technigque did not involve the appli—

cation of pressurc and the danger of rupture of fine wires

this casting of wiraes in thernoplastic resin was developed

firste. Gagze were svcccssfully cast, using methyl nmetha-

crylate mononer (supplied by the EB. I. du Pont de MNemours -
company)s The polymerized nc sthacrylate reésin is known com-
mercially as Lucite. Narblette liguid casting bakelite
resin was also used. . It i1s not possible to obtain a solid
slip of resin by evaporating a solution of the resin; uncder
these circumstances, drying would take place on the surfacﬂ
Cfirst, leaving the inside partly or wholly liguid. Hcithe
ig it mossiblsz to obtain 'a gage bY casting grains of a
polymerized thermoplastic resin. At the highest allowable
temperature, such a resin is not really fluid, and even
after prolonged heating at that temperature a great many

air Dbudbles remain in tho casting.

's

Of the commercially available thermoplastic re sins, methyl
methacrylate Dolrmer (Lucitc) has probably tae best elastic
propertics aad is the cmsiest to obtain in monomer form.

The cnsting mold is shown in fijure 1. The wire G, to

be mounted in resin is soldered or welded to two pieces of

stocl shim stock 4 and B (fig. 2) and & eWblcd in the mold.

Before the mold 1is tlbhtcneu up, the pi B projecting

from betwoen the sidc piecss is pulled taut. In this way

the three parts of AO wire C bocome tight and straight
l*mueously.

&
R
[3]

The reguired quantity of monomer is mixed with about
1 porcent of benzoyl peroxide, which acts as a catalyst, -
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poured iiato the mold, and the cover scroewed down.. It is
necessary for the polynerization to be carried out slowly
to recduce the danger of bubble formation, which is very
likecly to occur around the wires,. The best results wero
obtained DY raising the teompoerature gradunlly from 40° to
€0° C. over a period of 3 or 4 days. A clear woter-white
strip of resin of dimensions about 3 inches by 1/2 inch
by 1/16 inch was produced, normally frcc from bubbles.
FPigure 5 shows diagrommatically the appeoorance of the gnge
aftcr removal from the mold and figure 4, the final ap-
pearance of the goge after romoval of superfluous metal
and solderiag-on of connceeting wircs,

Since this process was long and tedlious and siace
successful resuvlts werce not alwarys obtaincd, other mcthods
werce soughte.

Casting of Wircs in Bakelite Resin

: Mdorblette liquid phenol-formaldchyde resin (supplicd
by the Harblette Corporation) was used in an attempt to
cast o thermosetting regin thot could be attached by

de Xhotinsky cement. The wire to be mounted was solderecd
to o copper-foil mount (fig. 5) and the assembly clamped
in the casting mold, The liguid resin was poured in and
the mold heated for 2 days at a temperature rising from
70° to 130° C. A hard, brown, opaguec, bakelite gage was
obtained that, though being thermosctting, was always full
of air bubbles. This mothod was consequently abandoned
as being unsuccessful. :

The Molding of Fine Wires in Lucite

Generally speaking, it is casier %o mold articles of
Lucite from the commerical polymerized, granulatsd product
than to cast the articles from the liquid resin in a lower
state of polymerization. The high pressures involved in
this operation (from 1,000 to 5,000 pounds per squarc inch)
will rupture fine wires unless speeial precoutions are
~ndopted. Figure 6 shows tho mold uscd for pressure molding
of wire strain gngoes. The bolts on the lewer part of the
mold werec adjusted so that the thickness of the finished
molding was about 1/32 inch, :
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"Double-Decker" Process

[

In the double-decker process, two strips of Lucite
4 inchcs by 1 inch by 1/32 inch are made in the mold, A
wire assembly on a gauze framework is placed between two
such strips in the mold and thc threc componcnts "fused!
by heat and pressurc.

First, a welghed quantity of commerc
placed in the mold and subjocted to a pre
pounds per squarc -inch at 160° C. for adbo

The mold is cooled under water and the molded ple
moved., Two such picces arc made. One suriace of cach

picce is moistened with tha liquid monomer containing bon-

zoyl meroxide. The wire assenbly soldercd to a copper

gouze (or welded to a nickel gouze) framework (fig. 7(a))

is placed between the piceces, with the moistoned surfaccs

facing coach other. This sandawich is pleced in the mold

and heated to 1800 C., then subjected %0 a pressure of

1,000 pounds per sguare inch for 15 minutes,. The mold 1is

cooled as before and the completely molded Jage removed.

The gage ready for use is chown in figure 7(b). The fin=-

ished gage is about 0.C75 inch thick. An escential part :
of this process is the moistening with the liguid monomer
of the strips of resin before repressing. If these two
strips are merely pressed together under terperature in
the mold, they will fusec only at a fow isolated points,
where the cnds of the molecular chains happoen to coincidc.
These two pleces can ecasily be split apart. Wetting the
surfaccs with the liguid monomer produces some new crhaln-
forming material, which conents the two niceces chemically
into one coherent strip.

"Single~Docker!" Procoss

In the single-deckor proccss, only one strip of rcsin
is used; thus a more flexible, thinner, more gquickly pro=-
duced strip is obtained. The assembly, constructed as be-
fore, is placecd at the bottom of the mold, then the molded
picce of Lucite, and finally a false assembly, contalning
no wire. The threc components are pressed together under
a pressure of 1,000 pounds per square inch for 15 minutes;
the precsure is applied when the temperature of the mold
reachcs 160° C., The resin appoars to flow under and around
thoe wirc; when the mold is coolcd and the molding removed, -
both picces of gauze and the wire appear to be thoroughly
embedded in the resin, £ ghould be mentioncd that, in tae
absence of tho upper gauze, the gage 1is warped on rcmoval

n
sk

i
T
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from the mold, owiay to the differential contraction of
the copper gauze and the Lucite, TFigure 7(c) shows the
appearance of a single-decker gage after removal from the
-decker process)
me slack, and
badding of th

o

the wire is placed in the asembly with so

very few cascs of rupture or iancomnlete ov

wire are obitained. After the sides of the molding are
sawcd off, tho ends slit down, and connccitioans soldered
on, the gage is ready for usc. Figurc 7(2) shows a gage
which is about 0.035 inch thick coagtructed in this man-~
ner,

A larze number of gages of the double-dccker and
singlce—-decker types have beon constructed since the com-
prletion of a progress report (refercnce 4) on this in-
vestigation. Data obteinecd from thesce geszes would have
enablcd satisfactory gages compounsated for steel and for
duralumin to be constructed. Since certain cementing dif-
ficultiecs associated with Lucite could not be overcone,
methods were developad of molding rages in Bakelite,

v

*

The HMolding of Wires in Bakelite Molding Powder

Lucite was originally chosen as a casting and molding
material on account of its very good elastic properties
The addition of a filler to a resin, such as wood flour,
paper, or cloth, though making the resin stronger, impairs
its elastic oua11t1 y creep and hysteresis being very
evident in the stress—-strain properties of the filled resin
(reference 5). It was felt that this strain creep and hys-
teresis was partly responsible for the resistance creep and
hysteresis of the Ess strip and that filled resins were
therefore to be avoided. This conclusion is now known to
be ill-founded, since gages molded in bakelite molding pow-
der (with wood-flour filler) and in laminated Bakelite
(with paper filler) show a compleote abscnce of creep and
hysteresis in the strain-resistance relation.

It was attempted to mold single-decker and double-
decker gages from bakelite resin and from molding powder.
Unlike the Lucite gages, these gages could be firmly ang

asily attachced with de Khotinsky cement. The double-
decker gages were to be made by nartly curiag the material,
so that it had sufficient strength to be removed from the
mold but could still fuse and cement itself onto another
similar strip. The unfilled resin when partly curcd was
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too wcak and brittle aond usually cracked on cooling. The
commercial molding powder was sonmewhat better and, after
somec cxperimsont, the corrcct conditions were found for the
two strips of TNtakelite to fusc without clowv1ng along the
joining planc, In this process, howcve the wires also
bacame brokcn. It was then attempied to mold single-dccker
gages as with Tucite, the wire assembly being pressed into
a partly curcd strip of Dakeclito. In only one casc was the
wire presscd firmly in. In all the other cases the wire
could easily be pullcd from the surface This onc excep-
tion, ccmentecd to a steel bor with de KhotluokV cement,
possessed a lincar, streo in-reosistance charncteristic w1th-
out hysterecsis It was therofore docided to mold the gag
from balkelize d papaer.

Paper-Reinforced Bakelite Gnges
e is of all types

cnsicst to attach
st and lightest,

(9]

paper-reinforced bakelite ga
slest and quickest to make, th
and duralumin, and the thinn

fi

Do 1

h g
ho n ¢!
o} o) e

i

t 8
t st

P

The wires composing the gage arce soldered to a frome-
work constructed from strips of brass gouze about 1/8 inch
widc., ©Eight strips of resin-impregnaoted paper 4 inches
long b¥ 3/8 inch wide are cut out. Ths wire assembly is
tacked down to one of the strips by nenns of o woarm solde r-
ing iron and somc finely powderod A stage resin (fig. 8(a
With a total of four sirips of poper above and below the
wircs, the whole assemdly is placed between polished sheets
of caromium-plated stecel and then between sheets of coard-
boord. Molding is carried out betweon platens heated to
150° ¢, under a pressure of 1,000 poun\ per square inch
for 15 minutes. The goge is then ready for solder ring on

contacts to the gauze strips (fig. 8(3)).
At the present momcnt, spoecial soldering and molding
jigs ore being constructed. Thesc jigs will enable the
xact lengths of wire to Do soldered on; the wires will
be held taut and the picces of paper held ve rtically over
ench other during the molding. In this way it will be
possible to produce ensily and repidly temperature-compen=

3

sated strain gugos with reproducible characteristics,

N
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STRAIN SESSITIVIR®Y

Temperature-Compensnted Gnges

The usc of fine wircs to measure strains is not novel
and. the monncr of application is fairly obvious., The ro-
slietance of metallic wires as a rule is very much more
sensitive to changes in temperature thon to changes in
straia. For static work, therefore, it is necaesgary to
compensate for the effoct of temperature on the resistonce
of the wire.

It has zlready beon meuntioned that th> provlen of

tomperature compensaticon connot be solved by the vee of

o
wircs suveh as coastantan and mangoanin,  If these wires

have a thernel cocefficieont of lincar oxpnansion differont
Troz that of stecl, when cemonted to a gtcel surfroco which
is then heated, the wires will suffeor a loxmitudinal e
tension or compression superimposcd by the stecl on t“01r
normal dilatotion., This additionnl cxtension or compros-

sion will chaonge the reqi?tzgco of the wire wnd 50 destroy
the temperaturce compensation, The mognitute of this of-

feet is shown by the following coxample: II o wire be found

that hopoens to be perfoctly compeonsated whoen conmonted to
I ity o A
duralunin, this wire when concatod to steel will change

its rosistance when the temperature rises 1° C. by an
anount CC"IV&lCDt to n compressive strecess of 400 pounds
rer sqgrarce iach in the stoel. It is thorefore clear that

spo 01a1 rncthods of conpensa tlon will have $o0 be sought
and thaot gnges compensatel for wuse on durnlumin will boe

&

diffcrent from joages compensated for usce on stcol. It is
clear also that thoe cffcets of strain and tomperaturce on

the resistance of wircs nust be Jointly conszidercd.

Strain and Resistance

Since the electrical resistance of a netallic wire
is proportionnl to its length and inverscelr pronocrtionnl
to 1ts eross—-scctionnl arcn, it night be nssuned thoet the
inecrense of regsistonce of a wire on stroining is due to
the incrense in length ond reduction in ecross-scetional
arca. IT the strain sensitivity 8§ 1The dcofined nas tho
rotio of the proportionnl inercrsc in reosistonce AR/R
to the tensilec stroin A1/1, the stroin scneitivity
should be givean by
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= L3R -1 4+ 2

YA

G

(1)

whore O is Poisson's ratio., Tho scnsitivity S  should
thus vory from 1.6 to 2.0. In ac ctucl proctice S can
vary fron large positive values to large negotive vaolues,
the voluc for most wirces being about 2.4 It is cleor
that the specific resistivity of a wire varies when it is
stroined. Though this phenorienon ig known (refcorences 6
and 7), there secnms to bte 20O conrsistency in the scanty
published dato and no sntisfactory explanaticn of the phe-
CNO0n.

Hensurencnt ¢f Strain Sensitivity

stranin-rosistnnce relations of wires nolded into
o obtaincd by eclamping or ceucnting the goages to
s 1/8 inch thick and %o:ﬂt 7/8 inch wide and aAp=
n

plying tension loads %o ths steel bars throush pias. The

change in resistnnce wns nensurcd by o Wheatstone bridse,

using the deflecction method., The gtrnin was conputed fron
ad oud the cross-scctional ~ron of vars. For

the r
so work, this mothod is likely to be for from accu-
tho bars wore by no ncans inilticlly straizht,.

rota, siace
Sinmce, till very receatly, the goges wors 1alr Sron conpen
scted, it wos considered taat the orror due to tenmperature
drift was larger thon the crror due to initicl curvature

2 o

initial curvoture was nini-
at o lond of 400 pounds.
Testas were usually conduc by loading thc tar in stceps
of 400 pounds fron 400 pounds to 2,000 pouncds through two
complete cycles. The crrangencouat of ~ppoarntus for o stroin
tost is shown in figuro 9.

-

by comm“ncing the test
tod

,..A

Two different arrangoements of Jhontstone bridge were
aveilable for mceasurcncent of 8 O In one foru, o
nultiratio bridge, the cxtern 3 +o8 belanced
by o éccaﬂo box variable fron l ins, the ratio
of the ratio arns being sclocted DI ch, Since thes
ratio arms were dbuilt into the 1 ge, the over-all sen-
sitivity could not bde imnroved vy adjustnent of the valucs
of thre bridgze resistnnces. dhan low-resistance gages (about
25 ohms) were to be tested, the gage was placed in serics
with a l-ohm resistance, across which could be conncected a
resistance of 24 ohnse. dith higher-resistance fZAgor (of

v

yan.
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the order of 100 ohms), a dccadec box cortaining O.l-ohn
steps was placed in series with the gnge. A dccade box
plncod in shunt with the gnlvanometer is open~-circuited
when balance is obtaincd. In the casc of the low-rcsist-
ance goges, opening or closing the calibrating switch

gnve the deflecction corrcsponding to an incrcasce or dc-
crease in the externol rosistonce of 0.04 okme The nea
calibration 2t the beginning ~and cend of each test was

thus obtaineds Individual calibration observations usual-
ly agreed to better than 1 percent. In the casc of the
high-resistance gages, calidbration was obtained by switch-
ing into scrics with the gage 0,1 ohm or a higher resist-
ance., Figure 10 gives the cirecuit of the bdridge arranged
for a test on a low-resistance gage.

The other form of b?idge used vas & varilable-ratio
bridge. The external resistance is balenced by a decade-~
box variable from 1 to 999 ohms: the bridge ratio is vari-
able between narrow limits below and above unity. Cali-

ration is cffected in the same menner as with the multi-

ratio bridge.

, vity calibration

1 and the 0,01 ratios.
ns of thc gal-

xtcrnnl rosist-
t in the region

.1 ratio great-

Figure 11 shows the ovaer-all s
for the multiratio bridge for the 0.
The ordinates give the defleoction in 43
vanomoetor scale for a l-percent chaong
ance using a 6-volt battery. It is s
of 20 to 100 chms thec sensitivity wit
1y cxcceds that with the 0.C1 ratio, nlso thot maximum
sensitivity is obtaincd with a goge resistance of the or-
der of 20 ohms. The dcflection of the galvanometer in
this arrangement could be estimatcd to 0.01 division.
Thus a resistance change of 2.5 parts per million could be
detected, corresponding to a strain change of about 1 part
per m1111on. Figurce 12 gives the corresponding calibra-
tion for the variadble-ratio bridge used with a different
galvanometer,

Results of Strain Mcasurcments

Prom the tcsts on compensated gages constructed from
laminated Bakelite comented %o steel with de Xhotinsky
cement, it is concluded that there is no ercep nor hyster-
csie¢ in the strain-resistance relations of metallic wirces.,
Under laboratory conditions tcsts on noncompensated gages
containing single wires gave the samc re u‘t though with
such specimens var1at10n in 1uboratory te raturo during
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o test produccs & rosistance drift that nisht be mistaken
for immperfection in the strain gage. Tests on Lucite
cages clamped or cemented %o stecl with plastic wood
cement showed very little hystsresis in the strain-resist-
snce relation. Such hystercsis as was found must be at-
tributed to imperfect cementing or clamping.

As an cxample of the lincarity between strain and
resistance, the following toble gives datae obtained in o
stroin test on a tempernture-compoensated gag2, designated
P3 6, made in laminated Zakelite. The gage was cementod

ngs are

to a stecel bar br de Khotinsky cement. The readi
les.

of galvanometor deflections for two loading cyc

v

TABLE I

Strain-Test Data for Gage TR &, Temserature-Comyensated, Laminated Bakelite

Gase lesistance 23.0 ohnis
[Galvancueter calibration 157,825 Qivision = 1 onm chanze of resistance]
! " - i . =
. alvanometer readings
Stress e - R
in First cycle £ Second cycle
stesl ; e e T :
: Load Ioagd ! Load Load
; v : > . i . s
lb./sqﬂln.) increasing decroasing | increasing decreasing
4,267 7492 P =) AR 7.7
rd
- ~
/ A
8,533 C.18 ¢,21 $.22 9.22
12,800 - 10.z2¢8 10,39 10,40 - 10.38
17,067 11,51 11.20 11.53 11.50
4 s A
bl r \\ o~y »// ~ Sl ial b ///
21,333 ~> 12,35 ° = 12,04

The asreement between the deflecctions at cach load station
is ton close to be shown on a graph. In figure 13 the

mcan reading at each stress level is plotted arainet stress.
From the slope of the straight line the strain scnsitivity

§ is obtaincd. '

L ¢
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In table III is given the measurecd strain sensitivity

of certain wires molded into resin.
type of resin, manner of attachmont,

t2ble gives the

and strain sensitivity

for different wires. The code uscd to designate the type
of rosin is given in table II. The sourcc of the wires in

table III is given in table IIla.

TARBLE II
Tynes of Resin

Type of mount

Laminatcd Bakelite
(paper filler)

Moldcd methyl methacrylate
(Lucite)

Molded Bakelite
(wood-flour filler)

Cast methyl methacrylate

Cast Bakclite

Code

F3B

M3
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TARLE III
Strain Sensitivity

Straia

Jire Type of Mcthbd of sensitivity
mount attachment S
Copel T3 de Xhotinsky ccnent 2.38
Yichronc P3 dz FThotinsky cencnt 2¢F3
Isoclnastic Pz da Khotinsky ccment 3.00
Copecl M FPlastic wood 2.40
Ohmax (soft) A Clomped 2,05
ohnox (hard) MM Clrmped 2.22
Advance MM Clamped 2.25
Isoclastic - MM Clampod 2.%4
Isoclastic MB de Ehotinsky cement U 4
Advonce i Clompeod 1.98
Igsoclastic # Claomped 2092
Monel H Clamped 1.22
Advancc B dc Khotinsky conent 1.94
Iscelastic 3 Ao Khotinsky cencnt 2482
Manganin 3 dc Xhotinsky cenont .69
l-percent Mn-nickel Shellac Shelloc -1.16

It is sccn that the strain sensitivity of a wire 1is
affocted only to o small degrec by the type of plastic
mount. The difference is probably lcss thoan appecars from
the table, since the data ncn

b
~ the foot of thce table rep-
resonts the results of carlier, less accurate tests. With
the exception of advaace and monel wircs, the strain sensi-
tivitics lic outside the valucs of 1.5 and 2.0 given by

the simple theory: manganin has o small positive value and

the nickel alloy a negntive valuec.

i -
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TABLE IIIa

Wircs Used in This Resenrch

Wire ' Supplisd by Renarks
Fichrone Driver-Harris Company qord
Manganin Driver-Harris Conpany Hard
Advanca ' Driver-Haorris Company Hard and soft

speccincns

Ohnax Driver-Harris Conpany Hard and soft
specinens

Copcl Hoskins Mfg. Conmpany Hard
l-percent Mn-nickel Hoskins Mfg. Company Hard
Monel 411loy Metal Wire Compan -
Isccleastic Chattilon & Sons, Ltd. -

Wires in Series and Parallel

In temperature-compensated gages it is necessary to
place different wires in series or parallel in order to
obtain compensation. It is possible to compute the strain
sensitivity of the combination, knowing the strain sensi-
tivities of the individual wires in the type of mount con-
cerned. Let one wire be of resistance R and sensitivity
S, and~the other wire resistance R'! and sensitivity §?t,
Ther if the wires are connected in serics the over- 2ll
strain sensitivity is

fobe

RS + R'S! RR' [ S S‘] .
Sserics =z Tt (2)
R + R!? E + R'L R! R |
and if the wires are in parallel, this equation becomes
RR! rs St
Sparullel TR + R! LE + TTI (3)
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4

It will Dbe shown later that, if a compensated gage is made
by connecting a wire with a positive temperature coeffi-
cient of resistance with a wire with a negative coefficient,
the strain scensitivity will be the samec whether the wircs
Yo connected in shunt or in serics.

Teble IV gives the computed and measurcd resistonces
and strain sensitivitiecs of two gages embodying a copel
and a nichrome wire in parallel, cmbedded in paper-lami-
noted Bakelit

]
Ce

TABLE IV

Computed and Experimentally Determined Strain Sensitivitics

Resistance, onnms Str sonsitivity E

G se YT * T T T e - 1 TS T T 'g
Computed Measured Computed Heasurcd }

e . R Ee

P3 6 22,95 ‘ 23.0 2.51 ‘ 2.54 |
{

1

! !

PR 8 24,5 1 24.3 | 2.47 ! n.47 |
— H - . . - ——

TEMPERATURE COL‘MTSAmIOI

Temperaturc-Resistance FPropertics

The sccond problem attacked in the prescut investi-
gation is that of temperaturec compensation. To this cnd
any tcmperature-resistance tosts of both frce wires and
wircs molded in to form gages were made. The following
conclusions werce obhtaincd.

(a) The tomperaturc-rosistance curve of a bare wire
is a straisht line. o hysteresis is evident
between the heating-up and cooling-down paths,.
It was confirmed that constantan and manganin
wires have nearly zero temperature coefficients
of resistance and thnot ohmax wire has a hegea-

tive coefficient.

(v) Formally, the temperature-resistance curve of a
wire molded into a plastic is a stralght line
without hvstercsise. This result is true 1if
the "gage" be tested cither froce or clomped
or cemented to stecl or to durnlumin,
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Advance and ohmax wires are exceptions tc thic rule;
it nppears that the molding or cesting tom-
perature is sufficient to causc a structural
change in thesc wires. After thesc wires are
cast in Lucitc by hcating to adout 60° C. for
3 dars, the temperature-resistonce relation-
ship consists of nonlinear curves forming
large hysteresis loops between heating-up and
cooling-down paths, Theso wires molded into
Lucite in the shoricest possible timec give
linear temperaturc-rosistance curves without
hysteresiss. Slight incroases in molding time
seriously affect the value of temperature co-
efficient of resistance, A further slight
inecrease produces gages which give hysteresis
loops on tracing thermnl cycles, FHence, od-
vance and ohmax, which appesr the most promis-
ing wires for making tenperaturc-compensated
gages, must be abandoned.

(¢) Where the behavior of a molded-in wirec with tem—
perature is normal, the strain and tempera-
ture cffeocts appear to be independent.

lethods of construction of temperature-~compensated
gages will be considered and, subsequently, the independ-
ence of the strain and thermal effects,

Construction of Temperature-Compensated Gages

Uader the heading of temperature-compensated gages
will be considered the possible methods of temperature
compensation, the theory of design of cach method, and the
degrec of success which has becn obtaincd. The following
symbols will be uscd:

B, tcmperature cosfficicnt of resistance of a wire
molded in a gage.

By temperaturc coefficicnt of a wire (cr combination
of wires) in a gage, clamped or cemented to
steel,

B., temperaturec coefficicent of a wire, clamped or ce-
mented to duralumin,

gp, Qgs g, coefficicent of linear expansion of resin,
stecl, and dural, respectively.
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F .y Py, stress equivalent of temperature, steel, and
duralumin, respectively.

. Strcss Equivalent of Temporatn

Tne stress equivalent of temparature is the over-nll
vre of the 2xactness of temperature compensation of a
The stress equivalent of temperature in steel P,
ined as that stress in a steel bar to which the gage

cned necessary to causce the same increasc in re-

¢ of the gagc as would 1° C. risec of tcmperature,

PJ.S - [S]
Heuee =~ = F1 o Py = (30 g; x 10°)/s
and Py = (12 B, x 10%)/s (4)

&
p=

he Tuckerman or Huggenbergoer type (made
in ste2l) is no

A strain goge of t

t tem ,eraturw—COWPvas rted when attached to
I
1

duralumin; the value of P, for these gages 1s

(25 = 11) x 12 = 158 pounds per sguare inch,. In this work
a voelue of 4100 pounds pur square inch for P, or Py

has becn regarded as the outside permissibvle value, though
it has beoen possible to obitain without difficulty valuos

about 110 pounds por square inch psr o¢,

The following are the pogssible methods of construc-
tion:

(2) By embedding =

D
mn
f=y
=]

2
|...I
®
=
[N
-
@

in the plastic material.

(b)'By enbedding two parallel wires, connected in
series or in parallel, one with a positive and
one with a negative te“bermtir coefficient of
resistance.

(c) Using one kind of wire; part lying nlong the

length of the goge and part dispescd at right
angles.

(a)

(3]
<

embedding a wirce with negntive stroin sensitiv-
ity togocther with wires with positive strain
Leus1t1v1td.

, Mcthod () has becn successfully worked out. HMethod
(¢) is now a possible sclution, Method (=) might give

”»
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success after a prolonged investigation of suitnble ma-
terinls, HMethod (d) is virtually unworkablce. The ox—
perinental results supporting these conclusions arc now
siven,

Single Wirc in Plastic Materisl
o

It wrs hoped tuiot ondvanees wire (constanten type)
when cmbvedded in resin nud cemented to stcel would hoave
oo very low temperature cocfficient of recistance and
would therefore act as o temperature-conpensated goge.
As previously mentionced, it wns found thot the tempera-
ture cocfficient of resigtnnce of such a EnNge Wns vory
varicble, depending critically on the molding conditions,
Hysteresis looping in the temperature-resistance charnce

ur

teristic arose on molding for o slightly longer time or
onn casting.

Cf nll the many wires tested, the only ona found to
be anywhere nearly componsated was copel wire, This wire
was found to have o negntive tompornture coecfficient of
resistonce. The feollowing dota were chtninced with nage

consisting of copel wires embedded in Lucite ond in paper—
laninated Bakelite, cemonted to duralumin,

Copel Gag

i
i
3 i K3
Gnge Regiln cenauted Stroin ;oqulvalent of
to dural sensitivity ! temperature
~ i
Fa O | Pa
(1b./sq. in.)
MM 17| Lucite -37.4 24,40 -187

T

i C Tenmpercturs §

coefficiont Strcss

PB 4 [Bokclite -55,2 2,58

-273
1.

ne siuple copel gage
¥y compensatecd to be

is method night bo nade to work by baking a suit-
wire, such os isococlosti i csrie, copel, ote., and
srenting this wirvre, It ni be poscible to adjust
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itable balk-
g is molded
wralumin,

the tcecmperaturec cocfficient of resistance by su
ing to valuecs that arc ncarly zero when the wir
into a plastic mount and cemcnted to steel or d

Jircs with Positive and Negative Temperature Cocfficicnts

Another method rcguires two types of wire, one of
which must have a small negative temperature cocfficlent
of reosistance and the other a small positive conafficicnt.
The stipuleotion of smnall valucs of coefficient is madc so
that slight errors in the construction of the gage will
not cause serious errors in temperature compensation.

hmax was first used for the negotive conponecnt. It
was found that slight prolongation of molding time produced
temperaturc-resistance hrstercsis. Ohmax has to be weclded,
ond the spot-welding of cxact lengths of fine ohmax wire
to nickel gauze is a rather difficult operation. Subsc-
quently, copel was found to have a negative temperature
coefficient of resistance, gmaller than that of ohnax,
and the wire could be casily soldercd, Copel was there-
fore chosen for the negntive component, Table VI gives
the necessary data for copcl nolded in Bakclite and in
Lucite for steel and for duralumin.

TARLE VI

; p -
fficicnt | Stress cquivalent

Temperaturc coce

of resistance of tempcrature

Resin (1v./s¢. in.)

On stecl On dural On steel On duranl

B, Ba Pa Ps

Barelito -76.3 -55.2 -962 -278
(laninnted)

Lucite -562.2 -37.4 -7 -187

For the wire with positive coefficient, fichrone was
chosen, since 1t had the lowest coefficient. Advance wis
ruled out owing to its erratic hehavior and nanganin, ow-
ing to its low strain censitivity. The following table
shows how lUichrome conmparcs with other wires.

L]
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TABLE VII

Design of Nichrome-Copel Compensated Gages

mnouph data arc now available to design temperature-

=y

compcasated gages. Lot the raosistances of the required

Characteristics of Wires Blth Fositive Temperaturce Coefficicnts

Goge cemented to steel Géé:~dé¥énted to dursl
- 1 Stress Stress
Wire Resin Temperature cquiv- [Temperatureleguiv-
coecfficient; alent {coefficicnt]| nlent
8 P, B2 Py
Hichrome akelite 1e2 1,9105 222 932
(1am1natwd) |
Isoelastic Lucite 523 | 5,340 - -
Monel Lucite HhO2 7,840 - -
C-steel Tucite 2,830 34,600 - -
(pizno wire) ;
B . e

lecngths of copel and nichrome wire be R and RV, respec-
o pe

tively, tac temperature coefficicnts, comented to steel,

be B, and ,Bl', respcctively, and the strain sensitivi-
ties S ond S'.

dires in parallel.- If the temperature rises t° C,

the resistance of the goge, with wires in parallel, rises
fron

ER! to RET(L + B,6) (L + B,'t)
R + R! R+ R' + t(R B, + R" B, ")

The condition for temperaturc compensation is that this in-

crease be zero, hence
R 31' + R' g, = 0

or

- P (5)

1
E:
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Thus the
between the stroin sensitivities of the componcnt wiras.
The seonsitivity of the stecl gage is sligzhtly different

from tha

‘-tt
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ndition for temperature conpevcation on »
e wires ave vplaced in parallel., For compen-
uu:alumin, the condition becones

|
D

R
1

g |
1
L:
PN
»
~—

)
Y

conditions, the over-all strain sensitivity of
auation (3)) bec

dural (8)

w2
3
3
jav]
faned
)_1
1%
et
i
i
th
(@]
L]

strain sensitivity of the compensated gage lies

w
of the dural gage. .

pensation

Jires in serics.- The condition fer temperaturc com-
n on stecel with wires in serics becomes -
R -8t
n! B4

The str
tion.

Thoe

foot:

ain soensitivity is tne some as for parallel conncc—
Th o
fermined br the rolative 1

1 connection is de-

o choice of soriecs or saralle
o} wirc required.

Nichrome-Copral Gnge for Stezl

specimens used had the following resistances per
Wirc Diamcter Resistonce
(i1.) (onms vor ft.)
Hichrone 0,001 560

Co

opzl L0015 136 - v
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The ratic of the length of Tichrome to copel wire can now
be computed. For serics conncction, compensation on steel,
thig rotio is B.4 percent. For parallel connection, com-
pensation on stecel, the computed ratio is 4747 percent.

For conpernsation on dural it is 80.6 percent., Hence, for
the wircs available, the parellel arrangement was choscen

az belng the more sultabdle,

Wien the wires arce about the same length, the charce-
teriztics of a gage change only slowly with slight changes
in ratio, assuming that the temperaturc coefficients of
regsistonce of the wires do not vary from gage to gage.

The first faw geges, made before correct dnta had been od~
taincd, mossessed leongth ratios of Tichrome to copel of

83 percont (for stee l) and of 73 percent (for dural).
Table VIII gives the characteristics, computed from later
dnta, for some of those early gages.

Comnarison of Computed and Yeasured Preperties of Nichrome-Copel Gages

P L e e T e — JES—

Nichrome- | Teimeratore coefficient Stress
Gage |Compansated conel of resistance, cemented | equivalent
Ho. for length - - - measured
ratio Corputed | Measured (1v./sq. in.)

(nercent)

¥ b Stecl 57 -7.3 -10.0 -122
¥B 10 Steel 56 -8,25 -10,2 -125
7308 Dural 73 +4, B2 +2,94 +14.2

The ccmputed data will be observed to agrce well with the
reasured data and, ia spifte of the wide difference Dbetween
the correct 1ongth ratios for compensation and the ratios
given, the degre¢ of compensation is guite good, especilally
in the case of specimen PB 8. The length ratio does not
therefore appear to be critical, Gages arc now being nade
with the longth ratios given in table VIII., Difficulties
are, however, being experienced in assessing the stress
cquivalent with the prescent cquipment.

It is suspected, however, that there may be some vari-
2bility in the characteristics of the wires after molding
in., The molding temperature (140° C. for 15 minutes) might
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have sone offcet on the conmplex 2lloys used, so that
slightly differcent molding timcs might p¢0uuuo.apprcciably
differcent temperaturc cocfficicnts. The cocfficicnt of
cxpansion of laminatcd Zakelite is about 30 x 107€ per ©C.,
i.ce, 8lijhtly greatcr than that of duralunin. Hence, in
the cooling down of the gage after compleiing the molding,
& lincer comprecssive strain in the wire of about 0,002
inch per inch is to be cxpected. It might be possible
that the compressive strain suffered by the wire on cool-
ing be of a hydrostoatic nature and therefore has no large
effect on the properties of the wire.

Other Aspects of Two-Wire Gages

A gage of two-wire type may be temperature-compensated
as closely as is desired by means of external resistances.
In the series type, the predominating resistance is shunted
by a resiztance external to the gage; this resistance night
be a small coil of coastantan wire 1lightly cemented to the
surface of the gage., In the parallel wire type, the re-
sistance is placed in gerics with one of the wires,

In this way it could be possibvle to make a gage de-
signed, say, to be compensated on dural to be compensated
also on stcel, Such 2 gagce, whon comented directly to
stecel, would have a tecmperoature ccofficient of the order
of =35 x 107% per ©°C., corresponding to P, = -450 pounds
per squarc inch per degrec., This vrluc can be nade zero
by pleoeing o resistance in scorics with the copel wire,

Componsation i kis nonncer is very difficult, since
the recauired resistance ig very critical and has to be de-
termincd by trial gure 14 shows the rosults of tests
on a copcl-advance goge mol dcd in Lucite, containing &
copcl wirc of 29.9 ohms resistance (the ncgative component)
in serics with an advance wire of 23.0 ohms resistance.
This gage, when clanped to duralumin, was found to be very
necarly perfcctly compensated for temperaturc. When clanped
to stecel 1t had a temperature cfficicnt of rc¢sistance of
B, = =27.6 X 1078, correspond&nb to o stross cquivalent of
P, = -340 pounds per sguarc inch in steel., Tosts were uade
using different values of cxternal resistance in shunt with
the copel wire, Figure 14 shows the obscrved voalues of
B,, the computed volues of § and the valucs of Py for
different values of the cxterunl resistance. It is observed
that P; variles rapidly in the rogion noar where Py = 0.

J*’*j‘ti

Al
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It ig possible, however, to arrangec o goage compen-
snted for both steel and durelunin, for example, by hoaving
a tap in tho niechivome wire in the uichrome~copel design,
If part of the = rone wirec 1is shortened so that its cof-

ctive length is reduced from 8l percent to 48 percent
of that of the copel re, a "dural" goge is then compen=-
gsated for steel,

Self~-Conmpensating Gage

If z goge bo constructed of a length of wirce of re-
sigtnnce Ry 1lying along the length of the gage, ond of
o length of the same wirce of resistance Ry arranged at
right angles to the length of the gage, then this gage
should nernsure the differcnce in strains along and ot
rigsht angles to the axis of the gage. These resistances
forn adjocent arms of a Wheatstone bridge (fiz. 15). If,
for excmple, the gage be comented to o bar subjected to
o ginple tension strain e, tk 'n the resistances will
change to )

R, (1 + Se) and Ry(l - Soe)

Hence the ratio changes fron

Ry Ry 3
— to — | s(1 + o*)eJ
Ro Sz oL

The deflection i1s therefore linear with strain. Such a
cage ashould be self-compensated, for, if the resistancesin
the Jagse be heated, these will i1ncrease in the same pro-
portion and hence the ratio of the arms will not be changed;
temperature effects will thus cause no deflection of the

Galvanomcter,

Much effort was expended in the earlier stages of the
res¢arch to make compenzated goges in this manner, using
cast Bakclite and cast and moldod Lucite for the mount. It
was not found possible to cement these early, comparatively
thicr sages effectively in the lateral dircction. This

Lhod of construction mizht be successful, using the pres
cnt 0.010 inch thick bakelitc gzages.
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Goge with Negatively Strain-Sensitive VWire

The nbgativcly strain-scnsitive wire type of gage
would coctain three types of wire, Jjolned in series., One
wire would bc the wirce of negative strain scnsitivity
forming onc arm of the bridge. The other two wires would
be in an adjacent arm and would be arranged to have the.
same ovaer—-oll temperature cocfficiont of resistance as the
negatively strain-sensitive wire, In this way, the strein
affccts of the wires would rcecinforce cach other, and the
thermal effects would counterbolance, The wires of nega-
tive strain sensitivity appear to have extremely high ten-
peraturc coefficicents of resistance (esg., for l-percent
Mn nickel B = 2440 x 10~ % por ©00.) rendering this method
impossiblce.

Mecasurement of Temperature Coefficient of Resistance

Changes of resistance with temperature were obtained
by heating the specimen slowly (60 C. per hour) in a well-
stirrcd oil bath, the temperatures beilng read on a ther-
nometcr graduated in tenths of degreces Centigrade. Fig-
ure 16 shows the arpa*atus arranged for a thermal test.

On the electrical side, the arrangement was the soame as
for the strain tests. It has been mentioned that, with
the commercial bridges usced in most of the tests, a change
in resistance in a gage of 25 ohms of about three parts
per million can be detected. Though this sensitivity is
ample for strain measurements, it is too low to assess
accurately the degree of compensation of the recent gages.
Better apparatus 1s being consequently designed for this
purpose.,

Independence of Strain and Tempeorature Effccts

The theory of temperaturce compensation of wire strain
ages presupposes that the effccts of temperature and of
strain on resistance are independent, in other words, that

gages compensated at zero strain are compensated for tem-
perature olso when under load, This fact could be checked
by cementing a tomperature-compensated gasge to a bar,
placing the bar in bending, and nmaking a thermal test on
the goge. This method has not yet veen tried. If a gage
be cemented (or clamped) first to steel, then to dural,

and finally left free, and if a thermal test be made on
the gage in each state, the temperature coefficients ob-
tained in each casc should be related by a simple law,
This law has been checked on a few occasions and has been
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found to be reasonably truc. The theory and dota arc Zgiv=-

en in the following parasroph

2

Consider & fine wiro embedded in syathetic resin, in
the form of an cxperimentsl =age. Jhen such o sage is
neated, it ecxpands linearly -t o raote given by the cocf-
ficient of cxpansion of the resin, since compared to that
of tic rosin the cross-scctionel arca of the wire is

iy The cocfficient of expancion of resins is

r than that of metnllic wires. Some values
are given ia table IX,

P
q

TABLYE IX

Cocfficient of
Resin lincar cxponsion
per ©C. ayn x 106

Pakelite ] 30 .
(laminated poaper)

Brokelite (cost) 80

Tucito 70
Hence on nenting the gase, the wire i3 strotched oclasti-
crnlly by tnc resin. It would thus be expected that the
tenpernture coefficicnt of resistance of the wire when
onbc*dbr in resin would be greoater than that of the frec
wire, Furthermore, if the gage be firnly cementcd to a

ﬂ; =

metal bar, and so constrained to cxpand thermally at the
gome rate s the bdbor, the temncratur cocfficient of re-
sigtance of the cenc ntui gage would be cxpected to be de-

-

pendent on the cocefficicnt of cxpansion of the bar.

Agzume that t
effect on the recsi
tical gowes, once f
otner free. Let o
stecl B

e lateral strain of the gage has no
¢ of thie wire., Consider two iden-
to a steel bar and the
o heated through 19 C. Let the
¢ now stroctchod so that the totel increase in
ength eof its zage, due to temperature and strain, is
the scie as the increase in leagth of the froe specimen.
If the loateral restraint of the cementod gagze can be ne-
]

glectod, the [ages are under identical conditions, hence
the increonses in rosistance nust be the somo. The in-
crcosc in resistance of the cemented gage is then R B,
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- (where R 1s the gage resistance) owing to temperature
rise of 10 C. and is RS(ap - ag) owing to the subse-

quent strain, where the symbols are as previously de-
fined. The increase in resistance of the free gage is
R 8, hence

B1 + S(Ulr - @s) = B (10)
If the cemented gage be attached to dural,
Bp + S(ap = ag) = B

therefore,

B = B2 (Otd - (xs)s (11)

Taking ag = 24 x 1078, oy = 10 x 1077,
(By = By) 10% =14 5 (12)

fhe following table gives come data collected during the
course of the research on five gages, of which one is
molded from laminated Bakelite, threc molded in Lucite,
and one cast in Bakeclite.

The results of two of the five sets suggest that the
temperature and the strain cffecets are independent and
that lateral effcects arc nogligible. The other three re-
sults might contain somec incorrcct data, yot they suggest
that thesec concluslons arc not frue, Tor final confirma-
tion, it is necessary tacrefore, as previously mentioned,
to make a thermal test on o compensated goge under strain.

[l
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CRLUEYTING OF GAGES

A strain gage is essentiaclly an in rstrument which can
measure w1th sufficient accuracy the strain over any suit-
able gage length and which can readily be calibrated. It
ig thercforec highly desirable for the resistance strain
gagec to be able to be firmly ceome ented to a mctallic sur-
facoe and also to be coapable of removal for previous or
subsequent colibration when necessary. This removobility,
and the property of individunl calibration, differentiates
the type under development from a nonrcmovable assembly
of wires capable of mcosuring strain., This lattor mcthod
hns been shown by Professor Ruge of the Hassnchusetts In-
stitute of Technology to work very successfully. By the
use of a cement, such as celluloid diss olved in acetone,
the mounting problem, and the effect of molding temperature
and molding strains mentioned previously, do not cxist.
Nevertheless, it is fclt that a gage which can, if necos-
sary, be individually calibrated for gstrain secnsitivity,
temperature comp nensation, and maximum ollowable strain and
which can bve Shlplpd through the mail and attached by un-
skillecd labor, is very desirable. The problem of cementing
is thercforc not the least important of the problems asso-

atcd with the construction of clectrical resistance
trﬂln gages.

t—te

Hot Cemontin

M

Dc Xhotinsky cement (hard grade) is a very satisfac-
tory hot cement for laminatcd bakclite gages. The moetal
surfocec is hecated to 1%59 C. ~nd the cemcent sprcad on,.
The gage is then gently nlaced in position and the meotal

allowcd to cool. Tho gaww can be removaed cither by re-

heoting the netal or by dissolving in alcohol.

Lucite gages connot Ve attached by de Xhotinsky ce-
ment, since ot the rcqulrca tenperature they soften and
warp, oring to the release of internal molding stresses.
Lixewise, dec Khotinsky ccmont is difficult to usc when the
gage has to be attached to a large nass of duralunin such
as a propeller bdlade. The greot heat conductivity of
duralunin and heat-treatcd aluminunm alloys makes it dif-
ficult to obtain the proper local temperaturc without dan
ger of overhcating the mectal and changing its strength
charaocteristics. A cement that will set without elevate el
tenperoture, even though nore time is recquired, is highly
desirable,
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De Thotingky cement appenrs to be conpletely offoc-
tive up to strains of 0,07 of 1 percent, which is the
moaximun evrain used ot prescnt ia the tests. In the
stroin tests on compensated zages {(and under steady tem-
peraturce conditions on uncompensated gages) reoadings at
a given strain are almost identically reproducibdble when
de HKhotinsky coment is uscd: no cre eep 1z obscervable. (Sce
todle I and fig, 13.) To strain a bakelite gage 3/8 inch
wide by 0.010 irch thick by an amount of C.0007 inch per
inch reguires a pull of about 2.6 pounds. If the only
arca effcective in cementing the gaze is assumed to be a
tab of about 0.14 square inch areca beyond the terminal
points of the wires, then the mean shear stress in the
cement becomes about 20 pounds per square inch., . There
sccums to be no reason why the laminanted bakelite gage
should not go up to strains of 0.2 of 1 percent, corre-
sponding to a shear stress in the cement of about 60
pounds por square inch,

There is reason to suspoct, however, "that the suc-
]
cessilve heatiag and cooling of the gage involved in ce-

&

merting and removal might affect its characteristics.,
This point is at present boing investigatod. Prolonged
baking of the gage before calibration or use micsht over—~

com2 any such troudle.

-

Cold Cementing

The cold cements which hove been studied are plastic
wood, Duco, ond casein cement, All thesc cemcnts have
been tricd using various Lucitc specimens. Thelr usc with
the laminoted bakelite gages is now being studied. Plas-
tic wood seems to be the best, having good adhesion to
stecl, duralumin, and Lucite., Table XI gives date obtained
in o strain test on a Lucite gage with copel wire cemented
to a *;cl bar with plnstic woods Thesc results are plot-—
ted in figure 17,

b’)

jo)
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TABLE XI
Struin Test on Gage X 17: Copel Wire Molded in Lucite
comented with Tlastic Tood to Steel

t Acc J9 .4 ohms

Cage T & .
visions = 1 ohn chnoage in ra31stmuce]

}-" 4]

G 1“/'.,;10}" tuI‘ I'Cudin B 1
Stress [T T T s e e e D e
in o First cyclo Soeond cycle 4

stecl

17,087 .03 | .05 ©.05 9,06
\ E A i A
.. . o . -~ .y . - <
5 31,333 i e 10, 20 : I > 10,23 -

E
12, €00 7,90 7455 % 7.50 7.95
i
|
!

5 obsorved in the readings; ocven
nystoercsis loop corresponas

Bcomelite gages attachod with plostic wood may be
guicliiy reo smoved by soaking for o fow minutes in acctonc.
Lucite gnges cementoed to stacl may bDe removed by soazing
for scveral hours in strong (20 percent) cavstic soda.
Phis nothod, of coursc, cannot be used for Lucite gages
cemented to duranlumin.

Gnrscin coment scers to lnex adhosion to stacl and to
~ttoclk duralumin, being nlkalinc. This difficulty cuzn be
ovcrcome by interposing o layer of ua isized poper cemented
with Duco coment. Hevertholess, the adhosion to Bakelizwe
and Lucite is poor, foirly wide hysteresis loops arc pro=
duced, ~nd crecp is obscrvabls on looding. It scems pos6-
eitle thnt the cementing prope artics of the bokelite zogge
rizht be improved by usin.. o shect of plailn astcad of im-

is
sysoannted paper for the lowest shoect when thoe npages arc
0 iS is A
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moldcd,. Caosein coment can be removad roadlly with caustic
soda; Shouzh this cement does not attack Lucite or stecl,
it attacks dural and also the cellulosic filling of the
bakelive gascs,

.

Onc attempt usinzg Duco with a Lucite gage was unsuce—
cessful, This cement, topcether with cemoents of the urco-

fornaldohyda type (whieh arc gquick~-setting) will be tricd
on the bakelite gages.

CO¥CLUDIYG REMARKS

i1, A mothod of making c¢lecetrical stira gages of the
registance type has been developed. Fine w1roé arc molded
into laninnted -Bakelite (poper filler). These gages are
nbout % inches lonyg by u/8 inch wide by 0.010 inch thick.
Tomperature compoensntion is effceceted by hoving in sorics
or parnllel wires with positive ~nd neszcotive tempernturc
coefiicionts of resistances. The proportions of the wires
are cifferent, in gages temporaturce <ompensated for steel,
from those in gages compensatced for duralumin., These gages
can be cenented to stcel or duralumin with de Xhotinsky
ccnacnt,

2. It has been found that, in any given design, the

propertics of a gage are not always reproducidle, and
som&tires crratic results arce obtained. These results
night be dve to overhenting of the wires, overstraining
of the wires on cooling tho gnagne, imperfect cementing
either of the wires in the rage or of the gage itsclf.
The conditions under which 5og's with ronroducibvle proper-
fics coen be wmade are now being investigated. Cold-cenont-
iag ncthods, obviating vapes t‘d heonting and cooling of the
gages, nre olso boeing tried.

Whoen the correct conditions ha"ﬂ boen established, it
is proposcd to mnke jigs for the nroduction of temperaturc-—

compensated goasges of ohout 250 ohns reslstmnce. The appli-~
cablility of these gages up to striins of 0.2 perceant will
be studied, It is proposcd to usc thesc goges on impact
work. Short goge-lensth gnges for work on stress concon—
trations are also heinsg considered

e
5

3. Temperature componsntion requircwents are such that
the chonge in resistance duc to tenmperature change is of a

.
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smaller order thon the change in resistoance due to strain.
This neccssitatcs o much more sensitive apparatus for
measuring resistance changes thon is recuired for normal
stroin moasurcmentse. This necessity will require the de-
sign of a special bridge to give thoe moximum sensitivity
with the given gage; also o nmore sensitive galvanomater
will be regquired, and this galvonometer must be choscn
with the desired characteristics. ]

For work in the field, low-rcsistance goges and dec-
flection methods of measuring resistance changes arc un-
desirable. In the first case, the resistance of long
leads might be of the order of 0.5 ohm; & gagc rcesistance
of 250 ohns or more is therefore roquired. A copecl-
nichrome gage embodying four lengths of wire in a gage
1/2 inch wide and 3 inches long would heave tais resistance.
The deflection method requires a long-scale, gensitive
galvanomcter, frce fronm vibration, and also a constant
voltage on the bridgoe,

4 null method may be uscd by placing a high resist~
ance in scrics with a dccade box across t@c brlancing arn
of thec bridge. Figurc 18 shows an arrangzemcunt suitable
for usc with the nultiratio bdbridge. Ian this cxanple, the
gage resistance is 25 ohms. The balancing rcsistance con-
sists of the resistance R in the bridge and a shunting
resistance r, the value of r consisting of a resistance
of 5,000 ohms in series with a dccade box wvariadle in steps
of 0.1 ohm. When the decade box rends zero and the resist-
ance R is set to 263 ohms, the balancing resistance will
then be about 250 ohms, which is the corrcct value for
balnnee whon the rotio of the ratlo arms is 0.1, If now,
the gage rosistance bde altered by say 1 part in & million,
then to restore the galvanoneter deflection to zero the
brlancing resistonce nust be altered by 1 port in a mil-
lion by putting o resistance dr in the box in series with
the 5,000-0hm resistance.

Henco,
Rr \ dr -
< j—-—-é-=106
R+ r/ 71
or

dr = 0.1 ohnm

Henco, O.l-ohm steps in the axternal-resistance box corrce-
spond to incrcases in gage resistance of 1 part in o mil-

lion.
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A null deflection method has two further advantages,
The mensured resistance is independent of voltage varia-~
tions, and hence high-voltage "B" batterics can be used
for supplying current., The only limitation is the permise
sible current and power dissipation in the gage and bridge
circuite The null deflection method also leads to the
possibility of using zn a.c. voltage on the bridge, an
amplifier and oscillograph taking the place of the galva-
nometer; when no signal is recorded on the oscillograph,
the bridge is balanced.

To summarize, the program of future work consists in
standardizing and producing in qguantity wire-type resist-
ance strain gages as well as developing cold~cementing
methods and methods of instrumentation suitable for use
in the field.

Massachuscetts Institute of Technology,
Cambridge, Mass., July 1939,
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(a) Component partis

(b) Mold assembled.

Pigure 1.~ Casting mold
‘ for Lucite.

Pigure 6.~ Pressurs
mold for
Lucite.
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Pigure 9.- Arrengement of apparatus for
strain-resistance test.

Figure 16.- Arrangement of apparatus for
temperature-resistance test.
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Fig. 10
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Figure 10,.- Bridge for test on low resistance gage,
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Figure 15.- Vheatstone bridge for self-compensating gage.
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Figure 18.- An arrangement for a multiratio bridge.
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